Abstract Nanobodies (Nbs)-the smallest known fully functional and naturally occuring antigen-binding fragments-have attracted a lot of attention throughout the last two decades. Exploring their potential beyond the current use requires more detailed characterization of their binding forces as those cannot be directly derived from the binding affinities. Here we used atomic force microscope to measure rupture force of the Nb-green fluorescent protein (GFP) complex in various pulling geometries and derived the energy profile characterizing the interaction along the direction of the pulling force. We found that-despite identical epitopes-the Nb binds stronger (41-56 pN) to enhanced GFP than to wild-type GFP (28-45 pN). Measured forces make the Nb-GFP pair a potent reference for investigating molecular forces in living systems both in and ex vivo.
Introduction
The discovery of heavy-chain-only antibodies (HCAbs) in camelids [1] inspired completely new approaches in antibody engineering. Devoid of light chains, HCAbs recognize their antigens using single protein domains-unlike their conventional counterparts, which need parts of both heavy and light chain to bind the epitope. Derived from HCAbs, socalled nanobodies (Nbs) constitute the smallest functional antigen-binding domain (for review see [2] ). Their average molecular mass of about 15 kDa makes them ten times smaller than typical antibodies. Yet, they remain competitive in their binding affinity and specificity. Nbs can be raised against a desired antigen, easily cloned and expressed in heterologous hosts, including bacteria [3] . Interestingly, they combine the advantages of conventional antibodies with greatly improved tissue permeability owing to their reduced size and increased hydrophilicity [4] . Nbs show a high degree of identity with human type 3 VH domains and humanization strategies have been proposed [5, 6] . Therefore, it is not surprising that Nbs were considered potent agents in therapeutics and immunodiagnostic methods early on.
Nbs are versatile reagents that are useful in a broad variety of applications. Of particular interest is the use of Nbs in in vivo imaging techniques [7, 8] . Noninvasive (and repeatable) visualization is for example important when screening the progress of a disease. Here, Nbs' small size and lack of adverse effects help bypass the limitations typical of conventional antibodies. In recent years, Nbs have proven successful in therapy [9, 10] and their bispecific derivatives are expected to aid in tumor treatment by crosslinking otherwise unrelated antigens [11, 12] . Medical uses beyond oncology [13, 14] include monitoring arthritis [15] , atherosclerosis [16] and other inflammatory diseases [17, 18] .
Various green fluorescent protein (GFP)-binders have been identified amongst the broad range of available Nbs [19, 20] . One of them stands out due to its multitude of applications [19, 21] . This GFP-binding Nb, coupled to solid support is widely used for purification of GFP-fusion proteins and the Nb-GFP complex has proven stable under harsh conditions including high salt, temperatures reaching 65°C or extremes of pH [22] .
Widespread use of GFP as a nontoxic, universal fluorescent protein tag throughout cell biology labs motivated the focus of this study. Given the vivid Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
interest in the Nb technology, its expansion over even broader areas relying on protein-protein interactions can be anticipated. This in turn brings up the need for a detailed biophysical characterization of the Nb binding to its target. We intend to bridge the gap between existing bulk-derived biochemical characteristics of the Nb-GFP system and the requirements of single molecule approaches by characterizing a single complex under force load. This aspect is relevant for both in vivo mechanical studies of protein interactions as well as single molecule manipulation techniques such as Single-Molecule Cut&Paste [23, 24] . In another work we described this bond relatively to other molecular interactions [25] .
Here, we analyze the binding strength of a model Nb in complex with its antigen by means of singlemolecule force spectroscopy utilizing atomic force microscopy (AFM), a well-established technique for mechanical studies of biomolecules. The force range typically resolved by the AFM makes it a method of choice for protein unfolding [26, 27] as well as protein-protein interactions [28] [29] [30] .
Materials and methods

GFP constructs
Three enhanced GFP (eGFP) and four wild-type GFP (wtGFP) constructs were investigated. Amongst them, all eGFPs and two wtGFPs (one N-and one C-terminally anchored) displayed complete similarity of the epitope amino acid composition to the GFP for which the crystal structure is determined [19] . The other N-terminally anchored wtGFP as well as the double-anchored wtGFP carried a point mutation within the Nb-GFP interface-glutamic acid at position 142 of GFP was substituted by glutamine (see supplementary information for details).
Nanobody
The only two cysteines present in the native Nb form a disulfide bond stabilizing the protein's tertiary structure. Introduced C-terminal cysteine does not perturb the folding of the protein and is readily available for immobilization. Successful GFP binding to surfaceimmobilized Nb was proven prior to the AFM experiments (data not shown).
All proteins were expressed in E. coli and purified using affinity chromatography.
Anchoring chemistry GFP was site-specifically anchored to the surface in three different attachment geometries, comprising single attachment via N-or C-terminus and double, where the protein was immobilized via both termini, as schematically presented in figure 1 .
Generally, the behavior of a complex under external load may be greatly influenced by the positions of the anchors, which restrict the molecules spatially.
Variation in anchoring geometries was meant to reveal differences in unbinding pathways-if present-due to a stiffer double connection as compared to a single one. Single anchoring of eGFP was achieved through engineered terminal cysteine binding (through the thiol group of its side chain) to maleimide groups exposed on the PEGylated glass surface, as described in [31] . In short, TCEP-reduced GFP was applied on amino-silanized slides at a concentration of 0.5-1 mg ml
. After 1 h of incubation at room temperature, unbound protein was washed away with 1x PBS. Maleimide chemistry was also applied to cantilevers using the same steps as for glass slide functionalization. Using Immobilized TCEP Disulfide Reducing Gel (Thermo Scientific) proved to be an efficient method for breaking protein dimers, yet gentle enough to leave the Nb's internal disulfide intact.
Cysteine dimerizes upon oxidation, forming cystine, hence-to avoid oligomeric chains of GFP probed in an unknown orientation-double anchoring required another attachment chemistry. Both double-anchored enhanced and wild-type GFP were therefore attached via hAGT (also known as SNAPtag) that covalently binds to benzylguanine. The specificity and irreversibility of the hAGT tag reaction with its substrate [32] indicate high probability of successful coupling of the second anchor once the first handle has bound its partner on the surface. Doubleanchored GFP constructs contained additional protein spacers of four titin Ig domains at each end. The Ig domains-able to withstand forces of at least 150 pN at loading rates comparable to our experiments-display much higher mechanical stability than GFP so they can be treated as stable linkers [26] . Purified hAGT-tagged proteins [33] were bound to an O 6 -benzylguanine-functionalized glass surface as described in Figure 1 . Schematic visualization of the experiment. Covalent anchors are used to immobilize the GFP construct on the glass surface on N-, C-or both termini. In each case polymer spacers are used to anchor the protein at a given distance from surface and cantilever. Depending on the GFP construct, additional protein spacers might be present at either terminus. Within a single measurement cycle, the cantilever functionalized with the nanobody is brought in contact with the GFP-decorated surface and then retracted and a forceextension curve is recorded.
[32]. Single-anchored wtGFP was immobilized via either an hAGT tag or a short ybbR peptide tag [34] as described earlier in [35] . All these anchoring chemistries are straightforward and efficient and have been successfully used for protein immobilization before [31] [32] [33] .
Force spectroscopy-data collection Single molecule force spectroscopy experiments were performed using commercial MFP-3D AFM (Asylum Research) and a custom built instrument with an MFP-3D controller. Two types of cantilevers were used: MLCT (cantilever C) by Bruker and Biolever mini (BL-AC40TS-C2) by Olympus. For each measurement cantilever spring constants were calibrated in solution using the equipartition theorem [36] . The Nb-GFP bond strength was tested in a series of measurements at various pulling speeds ranging from 300 to 10 000 nm s −1 and for different attachment geometries of GFP to the surface. A single measurement cycle consisted of approach, short (<1 s) dwell at the surface and retraction of the Nb-functionalized cantilever with constant velocity. An exemplary forceextension plot resulting from a series of measurements for a single GFP construct is shown in figure 2 . Each point is derived from a single force curve (see inset in figure 2) recorded for cantilever retraction. Between single approach-retraction cycles the x-y piezo stage was moved so that each time a different surface-bound molecule was exposed to the same molecule on the cantilever. Based on the known geometry of protein attachment as well as the chemistry used, curves displaying single rupture events within the expected distance range were selected for further analysis.
Data analysis
Since bond dissociation-also under force-is a thermally driven process, probing the bond several times results in a rupture force distribution. Forcedistance curves displaying a single peak were selected for the analysis. The wormlike chain model [37] was used to fit the raw data and extract force and extension values for each single event. For each pulling velocity the most probable rupture force and the respective loading rate were derived from Gaussian fits to force and loading rate histograms obtained for hundreds of recorded events ( figure 3) .
Loading rate of every single force-distance curve was determined by linear fit to the slope of the measured force at the last 3 nm preceding the rupture. A dynamic force-loading rate spectrum for each construct was plotted in a semi-log plot and fitted using the two-state Bell-Evans model [38, 39] .
Results
We have characterized the rupture forces of Nb bound to wtGFP and eGFP and reconstructed the energy profile of these complexes.
The Nb-GFP complex was probed with different pulling velocities ranging from 300 nm s −1 to
. The most probable rupture force (F ) * was obtained by fitting a Gaussian to the distribution of measured rupture forces and then plotted against the 
Here Δx denotes the position of the energy barrier, which has to be overcome to dissociate the complex and k B T-the thermal energy of the complex. Literature values of off-rates (k off ) were used for fitting since the range of loading rates covered was not broad enough to determine the parameter with reasonable accuracy. We observed separate characteristic force regimes for wtGFP and eGFP, as shown in figure 4 . The Nb bound to eGFP can withstand forces from 41 to 56 pN, whereas in complex with wtGFP ruptures already at 28-45 pN. For increased clarity, the data are presented in this plot without error bars ('width' in the force histograms). One should note that broad distribution of the measured forces is intrinsic to the technique as it stems from thermal fluctuations of the system (more significant at lower force range), and so does not diminish the significance of its results. Linear dependence of force on logarithm of loading rate suggested a single energy barrier along the reaction coordinate imposed by the direction of the acting force. The obtained energy profiles are graphically presented in figure 5 . There is no indication of a significant activation barrier on the dissociation pathway of the Nb-GFP complex-the energy needed to separate the molecules corresponds mainly to the depth of the potential well confining the bound complex.
Interestingly, we observed a 17% broader potential width for single-anchored wtGFP as compared to eGFP, and an even broader one (by 49%) for doubleanchored wtGFP (mean values of Δx=1.36 nm for eGFP, Δx=1.59 nm for single-anchored wtGFP and Δx=2.02 nm for double-anchored wtGFP 
, that is consistent with the known off rates of this complex.
Discussion
In this study we obtained rupture forces for Nb bound to wtGFP and eGFP. For all tested GFP constructs, the Nb-eGFP complex on average withstands higher forces than the Nb-wtGFP one. Moreover, the measured force does not depend markedly on the anchoring geometry. We also found that a point mutation within the Nb-binding site of GFP (E142Q) does not change the rupture characteristic of the complex. This, as well as the separate force regimes observed for the two types of GFP, leads to a conclusion that Nb-GFP binding strength is mainly affected by the chromophore-dependent internal structure more than by the epitope itself, which is in line with the already known ability of the Nb to modulate spectral properties of GFP by binding a protein conformation that is also stabilised by the mutation present in eGFP [19] .
Intuitively, one could expect a difference in rupture force between single-and double-anchored GFPs. Single attachment point offers much more flexibility for the protein complex to spatially orientate along the acting force, while fixing the GFP at both termini restricts its freedom of movement the more the complex extends. The stiffer two-point attachment should then result in GFP β-barrel held rather vertically upon extension and the Nb 'peeling off' or sliding from the side of GFP. Indeed, data for wtGFP point in this direction. In single-anchored GFP pulling by Nb, the whole interaction interface of the complex aligned along the pulling direction ruptures in an all or nothing event. Contact between the two protein surfaces is rapidly lost, hence the smaller potential width (Δx). In case of double-anchored GFP, gradual loss of contact between the Nb and its epitope manifests itself in a higher variance and lowering of the rupture force that yields a broader potential width. This distinction however does not apply to the eGFP constructs, which withstand higher forces when pulled on in complex with Nb-high enough to unfold the N-terminal α-helix, which occurs at around 35 pN and contributes additional 2.9 nm to the effective spacer length [43] . Hence, the complex-although double-anchoredeffectively experiences only a single (shorter) anchor and behaves accordingly in response to stretching. Double anchoring in both cases (wtGFP and eGFP) remains disputable as proteins which successfully attached with only one of the binding domains are virtually indistinguishable from those tethered at both termini. On the other hand, dense surface functionalization and flexibility of the protein linkers between the GFP barrel and the anchors suggest high likelihood of the second domain coupling once the first one is attached. That same flexibility, in turn, allows a lot of freedom in the distance between the two anchors of the same GFP. As a result, the construct may be tilted and skewed when probed and the effect of double anchoring lost.
Due to limited loading rate range covered by the AFM, the x intercept in the Bell-Evans fits was fixed at the literature values of k off , which resulted in negligible error bars for the Δx values calculated from the fits' slopes. This approach holds true for unbinding reaction proceeding along the thermal path, which not necessarily is the case here, yet yielded reasonable values for energy barrier position for an antibodyantigen system. Along this line, the fact that the steepness of the binding potential increases with the acting force explains the anticorrelation of the potential width with respect to rupture force, given that k off is constant. In other words, since the barrier heights (here: binding energies) differ only slightly, reaching the energy maximum with a higher slope of the energy profile occurs over a shorter distance and thus at higher unbinding force.
Nb-GFP interface GFP has a structure of a β-barrel with both its N-and C-terminus protruding from the same side of its structure. This enables GFP anchoring to the surface via either of its termini as well as via both simultaneously, keeping its overall orientation relative to the surface unchanged. Moreover, upon GFP immobilization, the epitope recognized by the Nb-is exposed, as it is located on the lateral side, close to the opposite end of the β-barrel. Similarly, anchoring the Nb to the cantilever via its C-terminus, should leave its binding site unaffected. Accessibility of the epitope is a prerequisite for efficient single molecule probing of specific interactions, which should not be hindered by unfavorable attachment to the solid support.
Each of the three complementarity-determining regions of the Nb contribute to its binding to GFP, accomplished mostly by electrostatic interactions and a single hydrophobic contact. The epitope extends over 672 Å 2 at the exposed loop region between the strands 6 and 7 of the GFP β-barrel [19] .
Site-specific protein attachment provides a controlled and uniform probing geometry, which is crucial for the correct interpretation of the obtained results. In case of protein anchoring utilizing maleimide-thiol chemistry, it is important to ensure that the attachment results solely from the engineered cysteine coupling to surface and that no proteinintrinsic cysteine reacts with maleimide. In its native state, GFP contains two reduced cysteines at positions 48 and 70. Cys70 is buried inside the β-barrel, while Cys48 is partially solvent exposed. However, it is not available for binding to maleimide on the surface (data not shown), demonstrating that coupling of GFP was site-specific as desired.
Specificity of interactions
In force measurements it is crucial to discriminate specific from unspecific interactions to reduce the impact on the analysis by the latter. In protein unfolding studies this is often accomplished by including an extra domain in the construct, which unfolds at lower force than the protein of interest, yielding a fingerprint in the force-extension curves. The relatively low rupture forces measured for the Nb-GFP complex pose a difficulty in finding a compatible protein signature for this purpose. Therefore we analyzed a number of negative control experiments where binding sites on the Nb or GFP were blocked with an excess of the respective binding partner as well as measurements utilizing incompletely functionalized (i.e. lacking the protein) cantilevers or surfaces. In all cases the interaction frequency was drastically reduced as compared to specific Nb-GFP probing (see supplementary information).
Summary
In response to the emergence of protein-based singlemolecule manipulation techniques, mechanistic analysis of the Nb-GFP interaction bridges the gap between available bulk-derived affinity data and relevant to single molecule force characteristic describing an isolated complex. The fact that the measured forces are in the range of DNA oligonucleotides unbinding [44] makes the Nb-GFP complex a promising candidate as a reference in protein-based comparative force assays. This indicates the applicability of the Nb-GFP complex in determining strength of yet uncharacterized protein pairs. Furthermore, one can imagine the application of Nbs as molecular force sensors also in vivo.
